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Type 2 diabetes mellitusAbstract Recent evidence has indicated that type 2 diabetes mellitus (T2DM) increases the risk of
developing Alzheimer’s disease (AD). Therefore, it is crucial to investigate the potential common
processes that could explain this relation between AD and T2DM. In the recent decades, an abun-
dance of evidence has emerged demonstrating that chronic inﬂammatory processes may be the
major factors contributing to the development and progression of T2DM and AD. In this article,
we have discussed the molecular underpinnings of inﬂammatory process that contribute to the path-
ogenesis of T2DM and AD and how they are linked to these two diseases. In depth understanding
of the inﬂammatory mechanisms through which AD and T2DM are associated to each other may
help the researchers to develop novel and more effective strategies to treat together AD and T2DM.
Several treatment options have been identiﬁed which spurn the inﬂammatory processes and discour-
age the production of inﬂammatory mediators, thereby preventing or slowing down the onset of
T2DM and AD.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University.Contents
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Alzheimer’s disease (AD) is a disorder that mostly afﬂicts the
elderly population of the world with its prevalence reaching up
to 50% among 85 years and older people. Similarly, CDC has
reported that at present 150 million of the world population is
afﬂicted with type 2 diabetes mellitus (T2DM) with a predicted
increase to around 215 million by the year 2010 and 300 mil-
lion by the year 2025 (CDC, 2006) Several epidemiology stud-
ies, the Rotterdam study being the ﬁrst one of them, have
revealed that patients with T2DM are at increased risk for
developing memory impairment, dementia and AD (Ott
et al., 1999; Leibson et al., 1997; Qiu et al., 2005). Some studies
have shown that the risk of developing AD is doubled in dia-
betic patients (Peila et al., 2002) while other studies reported
that people with diabetes mellitus had a 65% higher risk for
developing AD compared to those without diabetes
(Arvanitakis et al., 2004). Likewise, a close association
between AD and T2DM has been revealed in a recent commu-
nity cohort study from Cache County in which AD patients
were found to be more vulnerable to T2DM (Tschantz et al.,
2004). Better understanding of the commonalities between
T2DM and AD in their molecular mechanisms will provide
us clues in the identiﬁcation of novel common therapeutic
targets and recently there have been some clinical trials of
anti-diabetic drugs going on in AD patients (Dai and
Kamal, 2014).
Preclinical studies on animal models and clinical studies
provide evidence that inﬂammatory mechanisms which are
caused directly or indirectly by AD contribute to further AD
progression. Thus, neuroﬁbrillary tangles, neuritis, damaged
neurons and insoluble b-amyloid deposits in the brains of
AD patients provide further stimuli for inﬂammatory mecha-
nisms and these effects become cumulative over the years
(Akayama et al., 2000). Inﬂammation refers to the localized
response in any part of the body as a reaction to injury or
infection (Cone, 2001). It is an essential component of tissue
repair and is characterized by redness, swelling, pain and fever
at the site of injury. In the past, inﬂammation was considered
as a beneﬁcial and necessary response to bodily injury or dis-
ease. However, with more and more experimental research, it
is becoming increasingly clear that inﬂammation is like a dou-
ble-edge sword and a mixed blessing. There are obvious bene-
ﬁts of short-term inﬂammatory processes such as tissue repair
but there are certain disadvantages and harms inﬂicted on our
bodies as a result of chronic inﬂammatory processes. There are
several inﬂammatory molecules and pathways that can initiate
or put a stop to inﬂammatory pathways. The trouble comes
when those inﬂammatory pathways are left on, for no obvious
reason (Inﬂammation, 2006) and this continues for a long per-
iod of time. Today, mounting evidence suggests that inﬂamma-
tion may be a causative factor in T2DM as well as AD as we
shall discuss in this review.2. Role of inﬂammation in the pathogenesis of T2DM
Low-grade inﬂammation plays an important role in the path-
ogenesis of T2DM. In fact, accumulating evidence suggests
that circulating levels of inﬂammatory mediators are linked
to insulin resistance and they are found in higher concentra-
tions in individuals at risk of T2DM. For instance, C-reactive
protein (CRP) is a type of protein found in the blood. Levels of
CRP rise in the blood in response to inﬂammation. Thus, CRP
acts as a marker for inﬂammation. The West of Scotland Cor-
onary Prevention Study was conducted in order to assess the
ability of CRP to accurately predict the development of
T2DM among middle aged-men. This comprehensive study
was performed on 5245 middle-aged men out of whom 127
were found to be going through a transition from normal glu-
cose to overt diabetes. This study revealed that CRP predicts
the development of T2DM in middle-aged men independently
of other clinically employed predictors such as baseline BMI
(body-mass index) and glucose concentrations (Freeman
et al., 2002).
Data from one randomized clinical trial have shown that
increased levels of markers and mediators of inﬂammation
such as C-reactive protein (CRP) and interleukin 6 (IL-6) are
associated with future development of T2DM, suggesting the
potential role of inﬂammatory markers in diabetogenesis
(Pradhan et al., 2001). The possible connection between
inﬂammation and T2DM is further strengthened by the ﬁnding
that elevated levels of cytokines were observed in obese indi-
viduals, thereby causing hepatic insulin resistance in them.
Tumor necrosis factor (TNF-a) is a cytokine which is pro-
duced by activated macrophages and it regulates the immune
cells. More than a decade ago, it was discovered that TNF-a
is overexpressed in the adipose tissues of obese mice, thereby
establishing a clear link between obesity, T2DM and chronic
inﬂammation (Hotamisligil et al., 1993; Diwan et al., 2012).
TNF-a plays a pivotal role in systemic inﬂammation. In addi-
tion, TNF-a has been shown to increase the liver’s production
of glucose and triglycerides but, at the same time, it causes
insulin resistance through its effects on metabolism. TNF-a
causes a signiﬁcant decrease in the peripheral uptake of glucose
in response to insulin, hence, playing a role in the insulin resis-
tance in obesity and T2DM that often accompanies obesity
(Priyadarshini et al., 2012). Elevated levels of pro-inﬂamma-
tory cytokines such as TNF-a are known to cause insulin resis-
tance in T2DM. Insulin receptor substrate (IRS) proteins are
among the notable intracellular substrates used by insulin
receptor tyrosine kinases in the insulin signaling pathway. Cell
culture studies have shown that TNF-a causes interference in
insulin signaling by inhibiting insulin receptor tyrosine kinase
activity and tyrosine phosphorylation of one of its substrates,
IRS-1 (Peraldi and Spiegelman, 1997). Similarly, ﬁndings from
in vitro studies indicate that TNF-a could be exerting its anti-
insulin effect by disrupting the insulin-stimulated tyrosine
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(Feinstein et al., 1993).
Oxidative stress is another underlying cause of inﬂamma-
tion in T2DM. Endothelial dysfunction is commonly observed
in people with diabetes. This impairment in endothelium func-
tion is the common cause of diabetes-induced vascular disease.
It has been hypothesized that hyperglycemia, activation of the
advanced glycosylation end-product pathways and free fatty
acid metabolites-induced activation of NFjB and NH2-termi-
nal Jun kinases/stress-activated protein kinase stress pathways
could be playing a central role in causing late diabetic compli-
cations such as insulin resistance and impaired insulin secre-
tion in T2DM (Evans et al., 2002). Furthermore, oxidative
stress has been shown to contribute to the ﬁbrillization and
aggregation of tissue speciﬁc as well as non-speciﬁc proteins
both in T2DM and AD (Kamal et al., 2014). Hence, oxidative
stress has been linked to inﬂammatory pathways in muscle
cells and adipocytes and to impaired insulin secretion in pan-
creatic b-cells (Furukawa et al., 2004; Lin et al., 2005).
Another marker of inﬂammation is a high white blood cell
(WBC) count. One study measured WBC in 352 nondiabetic
Pima Indians aged 27 ± 6 years and they were followed-up
for up to 5.5 years. The ﬁndings of this study revealed that a
high WBC count was an independent predictor of a worsening
of insulin action and the development of T2DM among Pima
Indians, suggesting the role of chronic low-grade inﬂammation
in the pathogenesis of insulin resistance and T2DM (Vozarova
et al., 2002). Elevated levels of other markers of inﬂammation,
such as orosomucoid acid and sialic acid, are also associated
with later development of T2DM. In one study of 12,330
men and women, aged 45–64 years, who were followed up
for a mean of 7 years, different markers of acute inﬂammation
were analyzed. Of those individuals, 1335 had a new diagnosis
of T2DM. It was found in this study that elevated levels of sia-
lic acid and orosomucoid acid were directly related to the
development of T2DM in middle-aged adults (Schmidt et al.,
1999). Hence, low-grade inﬂammation is a pathogenic determi-
nant of T2DM and speciﬁc inﬂammatory processes have been
recognized to play an important role in the pathology of dia-
betes, especially T2DM.3. Inﬂammation as a causative factor in the pathology of AD
Alzheimer’s disease is characterized by local inﬂammatory
response in the brain (Iadecola, 2004; Reale et al., 2013). Main
stimulants of inﬂammation in the brains of AD sufferers con-
sist mainly of damaged neurons and neuritis, neuroﬁbrillary
tangles and extremely insoluble Ab peptide deposits. These
stimuli exist from the onset to terminal stages of AD. Thus,
neuroinﬂammation in AD is a major contributor to the AD
pathogenesis (Grifﬁn et al., 1998). Ab peptide, one of the main
stimulants of inﬂammation, is the key pathological player in
AD (Reale et al., 2011). Ab peptide is found in excess in the
plaques of AD brains after postmortem analysis. Ab peptides
and insulin are substrates for the same insulin degrading
enzyme (IDE), an enzyme belonging to zinc-metalloprotease
class. IDE degrades insulin as well as Ab peptide. Hyperinsu-
linemia results in reduced ability of IDE to degrade Ab, which
consequently results in amyloid plaque formation and deposi-
tion in the brain (Selkoe, 2001). It has been shown clinically
that acute hyperinsulinemia caused by insulin infusion tohuman subjects resulted in increased levels of insulin as well
as Ab in the cerebrospinal ﬂuid, especially in the older subjects.
These effects were not observed in the control group which was
administered saline via infusion. Additionally, it was observed
that increased levels of Ab in response to hyperinsulinemia
went together with an attenuation of insulin’s ability to facili-
tate declarative memory (Watson et al., 2003). The accumula-
tion of Ab peptide in the brain is linked to decline in memory
functions. This is further supported by the studies conducted
on Tg2576 (transgenic) mice by Kohjima et al. The Tg2576
mice are the routinely used transgenic mouse models for Alz-
heimer’s disease. Tg2576 mice manifest increasing deteriora-
tion in their memory functions after 6 months of age, which
is about the time when amyloid b-peptide (Ab) levels begin
to rise in their brains (Kohjima et al., 2010). Furthermore,
recent experimental evidence suggests that Ab causes inhibi-
tion of insulin receptor autophosphorylation via competition
for insulin binding to insulin receptor and through direct bind-
ing to the insulin receptor. By interfering with insulin receptor
function in the neurons, Ab prevents the rapid activation of
certain kinases which are essential for long term potentiation
(Xie et al., 2002; Townsend et al., 2007). Hence, Ab acts as a
competitive inhibitor of insulin binding and action and
increased levels of Ab in AD may be linked to insulin resis-
tance in the brain.
Microglia are the type of cells found in the brain that can
be regarded as the resident macrophages of the brain. They
are the ﬁrst line of defense in our brain. When microglia in
the brain attack and engulf foreign substances, they release
cytokines, chemokines, enzymes, growth factors and reactive
oxygen species similar to the ones produced by the macro-
phages found in the peripheral parts of the body (McGeer
and McGeer, 1995). One of the inﬂammatory molecules gener-
ated by the microglia is TNF-a. When the sera from AD
patients versus normal controls were measured by cytotoxicity
bioassay and enzyme-linked immunosorbent assay, signiﬁ-
cantly raised levels of proinﬂammatory cytokine TNF-a were
measured in the serum of AD patients as compared with
controls, providing evidence for the presence of inﬂammatory
processes in the AD brains (Fillit et al., 1991). In one cohort
study of 126 Danish centenarians, high concentration of
TNF-a was seen in the plasma of subjects with Alzheimer’s dis-
ease. In addition, high levels of TNF-a were positively corre-
lated with the concentrations of IL-6 and C-reactive protein
in the plasma showing that inﬂammatory mechanisms and
immune activation may play a role in age-associated patholog-
ical diseases such as dementia and AD (Bruunsgaard et al.,
1999). Higher levels of TNF-a were also detected in the cere-
brospinal ﬂuid (CSF), cortex and glial cells of elderly patients
suffering from AD suggesting a direct role TNF-a seems to
play in the pathogenesis of T2DM and AD in the elderly
(Bruunsgaard and Pedersen, 2003). In addition to microglia,
the astrocytes in the brain are another category of glial cells
that also produce limited pro-inﬂammatory products such as
CRP, amyloid P and complement factors (Yasojima et al.,
2000). These pro-inﬂammatory products are seen in increased
concentrations at the sites of AD pathology in the brain.
The transcription factor NFjB (nuclear factor kappa-light-
chain-enhancer of activated B cells) is another protein complex
besides TNF-a that is considered as a primary regulator of
inﬂammatory process. NFjB is found in almost all cell types,
including the nervous system. NFjB regulates the expression
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in the process of inﬂammation. Recent ﬁndings have shown
the involvement of NFjB in brain processes, especially in neu-
rodegenerative diseases such as AD (O’Neill and Kaltschmidt,
1997). For instance, Ab peptide found in the plaques of AD
patient brain sections has been shown to be a potent activator
of NFjB in primary neurons and in neurons in the close prox-
imity of early plaques from AD patients (Kaltschmidt et al.,
1997). The distribution of NFjB was also explored histochem-
ically (using polyclonal antibody against the NFjB p65 sub-
unit) in postmortem brains of AD patients as well as healthy
controls. In normal control brains, very weak staining of some
neurons was noticed. However, in the AD patients’ brains,
strong neuronal staining for NFjB was observed in neurons,
neuroﬁbrillary tangles and dystrophic neuritis, particularly in
the hippocampal formation and cerebral cortex, suggesting
increased expression of NFjB in brain areas affected by AD
(Terai et al., 1996). Thus, inﬂammation may be a causative fac-
tor in the pathogenesis of AD.4. Inﬂammation as an underlying link between AD and T2DM
Since the inﬂammatory processes play a major role in the
etiology of both AD and T2DM, studies on transgenic mouse
models of AD and T2DMmay shed some light on inﬂammation
pathways as a possible mechanistic link between the two disor-
ders. APP23 transgenic mice are a well-studied model for AD as
these mice carry the gene mutation in the amyloid precursor
protein (APP) derived from a large Swedish family with early-
onset AD. Overexpression of human APP gene harboring the
Swedish mutation in those mice results in the formation of typ-
ical b-amyloid rich plaques resembling the features of AD
pathology. b-amyloid plaques appear in the neocortex and
hippocampus of APP23 mice at 6 months of age and those
plaques are Congo Red-positive (Sturchler-Pierrat et al.,
1997). On the other hand, leptin-deﬁcient (ob/ob) mice are a
well-known model of T2DM. Leptin receptors are located on
pancreatic b-cells. It has been shown that leptin exerts inhibi-
tory effects on insulin gene expression as well as insulin secre-
tion from pancreatic b-cells (Seufert et al., 1999). Takeda
et al. crossedAlzheimer’s transgenic mice (APP23) with diabetic
mice (ob/ob) and looked at the metabolism and pathology of
the brains in those double mutant mice (APP ± ob/ob). AD-
like cognitive impairment was observed in APP ± ob/ob mice.
Cerebrovascular inﬂammation and severe cerebral amyloid
angiopathy were also noticed in APP ± ob/ob mice. More
importantly, up-regulation of receptors for advanced glycation
end-products and inﬂammatory changes in the cerebral vascu-
lature were observed in those double mutant mice even before
the appearance of cerebral amyloid angiopathy, suggesting that
cerebrovascular inﬂammation caused by T2DM might be the
basis of enhanced cognitive impairment (Takeda et al., 2010).
It has been shown experimentally that the expression of recep-
tors for advanced glycation end-products is up-regulated in
neuronal cells and the cerebral vasculature in AD as well as
T2DM (Deane et al., 2003; Liu et al., 2009). Furthermore,
impairment of brain insulin signaling in neurons of double
mutant APP ± ob/ob mice was also observed. Several clinical
studies have demonstrated the pivotal role of insulin resistance
and dysfunctional insulin signaling in the brain in the pathogen-
esis of AD (Gasparini et al., 2002; Steen et al., 2005; Ho et al.,2004; Aliev et al., 2014). Hence, ﬁndings from transgenic mouse
models of AD and diabetes support the possible mutual interac-
tion between AD and T2DM via cellular mechanisms such as
neuroinﬂammation.
Neuroinﬂammation is considered an early event and one
of the driving forces in the development of AD (Wyss-
Coray, 2006). Inﬂammatory changes caused by the accumula-
tion of b-amyloid deposits in the brain may contribute to
neurodegeneration. To explore the underlying link between
diabetes and AD, one group of researchers assessed the
degree of b-amyloid metabolism, hyperphosphorylation of
tau proteins (s proteins which are abundant in the neurons
of CNS), neurite degeneration and neuronal loss in two rat
models with spontaneous onset of diabetes: the type 1 dia-
betic BB/Wor-rat and the type 2 diabetic BBZDR/Wor-rat.
The frontal cortices of both groups of diabetic rats were
examined 8 months at age. b-amyloid and phosphor-s accu-
mulation was observed in both groups of rats. However,
signiﬁcantly more neurite degeneration and neuronal loss
were observed in type 2 diabetic BBZDR/Wor-rats compared
to type 1 diabetic BB/Wor-rats. In addition, ninefold increase
of dystrophic neuritis was observed in type 2 diabetic rats.
This study demonstrated that experimental diabetes, espe-
cially T2DM, causes abnormalities in the brains resembling
early AD, such as reduced b-amyloid clearance, hyper-
phosphorylation of s protein, neuronal loss and neurite
degeneration (Li et al., 2007). In the same vein, immunocyto-
chemical evidence using protein A-gold probes has suggested
that IAPP is a protein that is synthesized by pancreatic beta-
cells and is stored in beta cell granules for subsequent
co-secretion with insulin. Very similar to the Ab peptide
found in the brains of AD sufferers, IAPP found in the pan-
creatic islets of T2DM patients forms amyloid aggregates in
an aqueous environment (Johnson et al., 1988; Glenner
et al., 1988; Rasool et al., 2014). It has been shown clinically
that disturbances of the blood–brain barrier play a role in the
development of AD, especially in elderly patients (Blennow
et al., 1990). This would imply that peripheral inﬂammation
factors from T2DM could leak to the brain parenchyma
and induce the activation of microglial cells to release inﬂam-
matory molecules in the brain (Breteler, 2000). Hence,
peripheral inﬂammatory processes due to T2DM may also
contribute to the pathophysiology of AD.
In transgenic mouse models of AD and diabetes, elevated
levels of cytokines and tumor necrosis factor (TNF-a) were
observed in the blood vessels along with increased deposits of
Ab, causing synaptic dysfunction (Takeda et al., 2011). TNF-a
is a cytokine that inhibits Ab transport from the brain to
periphery. Moreover, indicators of stress have been associated
with increased levels of proinﬂammatory cytokines such as
IL-6. In turn, IL-6 has been implicated in the pathology of
diabetes as well as AD progression (Kiecolt-Glaser et al.,
2003). Another animal study in this regard was conducted on
APP transgenic mice to examine if brain inﬂammation from
systemic administration of lipopolysaccharides (LPS) would
alter the expression of amyloid precursor protein (APP) and
increase the formation and deposition of Ab. APP transgenic
mice which were treated with LPS developed three times more
Ab1–40/42 and 1.8 times more APP in their brains compared to
phosphate-buffered saline (PBS) treated mice as assessed by
immunoprecipitation-mass spectrometry ProteinChip analysis,
ELISA and Western blotting. Increased APP expression and
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ﬂammation were demonstrated in this study (Sheng et al., 2003).
In recent years, increasing evidence has emerged suggesting
that NFjB mediated inﬂammatory pathways may be serving
as a link between T2DM and neurodegenerative diseases such
as AD. These neuroinﬂammatory processes comprise of acti-
vation of microglia when they ingest b-amyloid, which in turn
causes the release of pro-inﬂammatory cytokines such as IL-
1beta, IL-6 and TNF-a. These circulating cytokines may cause
neuronal death by increasing the rate of apoptosis, reducing
synaptic function and inhibition of hippocampal neurogenesis
(Rosenberg, 2005). Hence, T2DM may be acting as a precipi-
tating factor in the pro-inﬂammatory cytokine activation in
the brain resulting in neuroinﬂammation, an essential compo-
nent of AD neurodegeneration.
It has been hypothesized that when brain glucose utiliza-
tion is reduced in the early stages of AD, the glial cells
detect reduced glucose availability. This results in increased
ketone body production and triggering of the NFjB path-
way. Due to hyperinsulinemia and central insulin deﬁcit,
hyperleptinemia contributes to the inﬂammatory process
through the inhibition of AMP-activated protein kinase.
As a result of energy deﬁcit and inﬂammation, the resulting
neuronal cell damage may be contributing to neurodegener-
ation in AD (Erol, 2008). Besides, the presence of chronic
inﬂammation due to T2DM further affects the metabolism
of insulin and Ab. It has been observed in AD that pro-
longed inﬂammation and elevated levels of NFjB eventually
result in high levels of Ab, increased cytokine release and
activation of glial cells (Granic et al., 2009). The presence
of pro-inﬂammatory cytokines contributes to the accumula-
tion and aggregation of Ab in the AD brain. Experimental
data on cultured human monocyte-derived macrophages sug-
gest that pro-inﬂammatory cytokines reduce the expression
of insulin degrading enzyme (IDE) and suppress Ab degra-
dation as well as its subsequent clearance in the brain
(Yamamoto et al., 2008).5. Targeting inﬂammatory pathways to manage T2DM and AD
The inﬂammatory pathways play a crucial role and they may
be a link in the pathogenesis of T2DM and AD. Hence, the
manipulation of certain inﬂammatory pathways and develop-
ing enzyme inhibitors common to both AD and T2DM could
be the focus in the development of new treatments for both of
these diseases (Jabir et al., 2014; Kamal et al., 2011). Certain
drugs with anti-inﬂammatory action which are effective in
the treatment of T2DM have also shown promise to delay
the onset of AD. For instance, the use of GLP-1 analogs offers
a possibility in the realm of treatment options to halt or delay
the early onset of AD. Glucagon-like peptide-1 (GLP-1) is an
endogenous incretin hormone that is 30 amino acids long.
GLP-1 is a potent antihyperglycemic hormone that facilitates
insulin signaling by stimulating insulin release while it also
inhibits glucagon secretion. Currently, GLP-1 receptor ago-
nists such as exendin-4 and liraglutide are approved as thera-
peutics for T2DM (Lovshin and Drucker, 2009). These novel
long-lasting analogs of the GLP-1 incretin hormone have also
been shown clinically to have anti-inﬂammatory effects.
When the effects of the GLP-1 analog exendin-4 were stud-
ied on human peripheral lymphocytes in T2DM patients, itwas observed that exendin-4 down regulated pro-inﬂammatory
responses by suppressing mitogen activated protein kinase sig-
naling pathways in CD4+ T helper lymphocytes and mono-
cytes. Exendin-4 treatment of T2DM patients resulted in
reduction of inﬂammation response. Likewise, exendin-4 treat-
ment has also been shown in T2DM patients to reduce serum
inﬂammatory markers such as high-sensitivity-CRP and cyto-
kines such as monocyte chemoattractant protein-1 when com-
pared to the control group (Wu et al., 2011). In the same vein,
it was demonstrated in another study conducted on systemic
LPS inﬂammation model in mice that two day-intraperitoneal
injection of liraglutide resulted in noticeable reduction of pro-
inﬂammatory cytokines and enhanced anti-inﬂammatory cyto-
kines in the blood, spleen and brains of those mice (Hunter
and Holscher, 2012).
In addition to GLP-1’s anti-inﬂammatory role in the treat-
ment of T2DM, in vitro studies have provided evidence that
GLP-1 may be a modulator of inﬂammation in the central ner-
vous system due to its direct role in reducing cytokine release
(Iwai et al., 2006). This is further supported by the ﬁndings
that GLP-1 induces neurite growth in the brain and protects
against oxidative injury in cultured neuronal cells (Perry
et al., 2007). Furthermore, it has been shown that GLP-1
reduces the endogenous levels of Ab in the brain in vivo and
reduces the levels of amyloid precursor protein in cultured
neuronal cells. The same study also demonstrated that GLP-
1 protects cultured hippocampal neurons against death
induced by Ab and iron, a type of oxidative insult (Perry
et al., 2003). This is not surprising because studies on the per-
meability across the blood–brain barrier (BBB) have demon-
strated that the GLP-1 and GLP-1 analogs like Val(8)GLP-1
can cross the BBB, facilitating their effects on the brain cells
(Kastin et al., 2002; Gengler et al., 2012). McClean et al. tested
the effects of peripherally injected GLP-1 analog, liraglutide,
in an Alzheimer’s mouse model, APPswe/PS1DE9 (APPSP1).
In APP/PS1 mice dosed with liraglutide for 8 weeks, memory
impairment was prevented in addition to prevention of deteri-
oration of synaptic plasticity in the hippocampus. The amount
of overall b-amyloid plaque in the cortex of mice was reduced
to one-half and the number of dense-core Congo red-positive
plaques was reduced even more. Most importantly, the degree
of inﬂammation response as measured by activated microglia
numbers was reduced to one half in liraglutide-treated APP/
PS1 mice (McClean et al., 2011). The reduction of the inﬂam-
mation response in the brains of AD-mouse model with a
GLP-1 analog, which is commonly used to treat T2DM, pro-
vides an important link between the two diseases, especially
when it has already been established that GLP-1 analogs also
reduce inﬂammatory response in the serum of T2DM patients.
Another promising candidate which may be targeting
inﬂammatory pathways to manage T2DM and AD simulta-
neously is the Chinese herbal extract ‘‘SK0506’’. In one study
reported by Kamal et al., when rats were fed with high fat diet
(HFD), elevated levels of serum and hepatic triglycerides,
TNF-a, IL-6, liver ALT and AST enzymes and butyrylcholin-
esterase (BuCHE) in various rat tissues were observed in addi-
tion to weight gain. However, SK0506 treatment not only
signiﬁcantly prevented weight gain induced by HFD feeding
but also lowered the levels of serum and hepatic triglycerides
as well as liver ALT and AST enzymes. More importantly,
SK0506 treatment improved the abnormally elevated levels
of both inﬂammatory markers (TNF-a and IL-6) in HFD
Alzheimer’s disease and type 2 diabetes 9fed rats. In addition, treatment with SK0506 resulted in
reduced BuCHE activity in skeletal muscle and adipose tissues
of rats (Kamal et al., 2009).
In a recent double-masked, placebo controlled trial, the efﬁ-
cacy of an NSAID salsalate (a nonacetylated salicylate) was
assessed in obese adults at risk for the development of
T2DM. It was found that salsalate improved glycemia and
reduced the levels of circulating inﬂammatory markers. Com-
pared with placebo, salsalate administered group had their lev-
els of CRP decreased by an average of 34% and their glycated
albumin by 17% (Fleischman et al., 2008). This study supports
the contention that subacute-chronic inﬂammation contributes
to the onset of T2DM. Likewise, epidemiologic studies have
reported that long-term use of oral non-steroidal anti-inﬂam-
matory drugs (NSAIDs) may protect against the development
of AD through their anti-inﬂammatory properties and delay
the onset of the disease provided that such use would occur
well before the onset of dementia. More importantly, the ben-
eﬁts were observed among long-term users of NSAIDs who
showed substantially lower incidence. The greatest risk reduc-
tion to develop AD was seen among those with extended expo-
sure to NSAIDs (In’t Veld et al., 2001; Zandi et al., 2002;
Aisen et al., 2002). However, orally administered NSAIDs
may work as a preventative measure against AD but they
are not a treatment for AD because the dose of NSAID that
reaches the brain is only 1% to 2% of the total plasma concen-
tration. Therefore, recently intranasal delivery of NSAID ﬂur-
biprofen has been suggested which is many times more potent
than the oral NSAID ibuprofen. Alzheimer’s disease begins in
the entorhinal cortex region of the brain which is located close
to the olfactory nerves and a nasal NSAID would be much
more effective because it can quickly reach that region of the
brain (Lehrer, 2014).
A meta-analysis has concluded that angiotensin converting
enzyme (ACE) inhibitors reduce the incidence and/or delay the
onset of T2DM and studies have also found that ACE inhibi-
tors reduce some markers of inﬂammation (Al-Mallah et al.,
2010; Di Napoli and Papa, 2003). In the same vein, ACE
inhibitors have shown promising results to delay AD progres-
sion perhaps due to their ability to reduce inﬂammation and to
penetrate the brain (de Oliveira et al., 2014). In one four-year
cohort study conducted on AD patients from memory clinics
at 16 different university hospitals in France, it was found that
the use of ACE inhibitors in older adults with AD was associ-
ated with slower cognitive decline in older adults with AD
(Soto et al., 2013). Similarly, ACE inhibitors’ use was reported
to reduce the risk of AD dementia in participants with normal
cognition in the Ginkgo Evaluation of Memory Study (Yasar
et al., 2013).
Drugs belonging to the PPARs (peroxisome proliferator-
activated receptors), especially the PPAR-c (PPAR
<gamma>) class, have been approved by the Food and Drug
Administration (FDA) as treatment for T2DM for more than
a decade. In addition to its presence in pancreatic beta cells,
PPAR-c is expressed in adipocytes where it regulates adipo-
genesis and enhances the uptake of fatty acids into adipocytes
(Ferre, 2004; Gurnell, 2003). In the brain, PPAR-c is localized
to neurons and astrocytes, where it is involved in the regula-
tion of cell survival and inﬂammatory responses (Moreno
et al., 2004). Studies have shown that PPAR-c is linked to
reduced levels of inducible nitric oxide synthase expression
and microglial activation in the brain (Heneka et al., 2000;Kitamura et al., 1999). Thiazolidinediones (TZDs) are a class
of drugs that work by activating PPARs (peroxisome prolifer-
ator-activated receptors), with greatest speciﬁcity for PPAR-c.
TZD drugs lower the risk of developing T2DM. In addition,
TZDs lower the circulating levels of inﬂammatory markers
and this effect is independent of adiposity of patients (Di
Gregorio et al., 2005). For instance, troglitazone is one of
the derivatives of TZDs and it is a PPAR-c agonist for treat-
ment of T2DM. It has been shown clinically that troglitazone
treatment of T2DM patients not only decreased their fasting
plasma glucose and HbA1c levels but also resulted in 60%
reduction in their circulating CRP levels (Chu et al., 2002).
In another double-blind study, troglitazone has been shown
clinically to delay or prevent the onset of T2DM in high-risk
subjects (Buchanan et al., 2002). Rosiglitazone, a member of
TZD class, is another PPAR-c agonist approved by FDA for
the treatment of T2DM. It lowers glucose and lipid levels in
T2DM patients (Willson et al., 2001). In fact, both pioglitaz-
one and rosiglitazone have been shown to increase peripheral
insulin sensitivity and lower concentrations of insulin
(Landreth et al., 2008). In addition to its effects on insulin
resistance, rosiglitazone has anti-inﬂammatory effects
(Mohanty et al., 2004).
In addition to their therapeutic role in the treatment of
T2DM, PPAR-c agonists are potential drugs for the treatment
of AD. PPAR-c agonists have been shown in vivo to inhibit
b-amyloid-stimulated expression of IL-6 and TNFa (Combs
et al., 2000). Glimepiride is a TZD-derivative and an oral
anti-diabetic drug with PPAR-c-stimulating activity. Glimepi-
ride has been shown to attenuate Ab production in primary
cortical neurons by suppression of BACE1 activity which
makes it a promising drug for the treatment of AD associated
with T2DM (Liu et al., 2013). Likewise, a small clinical study
of 30 patients with mild AD or mild cognitive impairment
found that patients treated with rosiglitazone for 6 months
demonstrated memory enhancement and enhanced attention
(Watson et al., 2005). In a larger study of more than 500
patients with mild to moderate AD, 6 months of treatment
with rosiglitazone resulted in a statistically signiﬁcant cognitive
improvement in patients that did not possess an Apo-epsilon-4
allele (Risner et al., 2006). In an animal study, it has been
shown that 9–14% of rosiglitazone crosses the blood–brain
barrier after oral treatment (Strum et al., 2007). Pioglitazone
is another TZD-derivative with PPARc-receptor agonist prop-
erties that holds promise as a therapeutic candidate for AD.
Chronic use of pioglitazone has been shown to improve long
term and visuo-spatial memory in mouse model of AD
(Gupta and Gupta, 2012). More importantly, in a recently
reported 6-month, randomized, open-controlled trial of
patients with mild AD accompanied with T2DM, it was shown
that patients in the pioglitazone treated group not only showed
a decrease in fasting plasma insulin levels but also improved
cognition and regional cerebral blood ﬂow in the parietal lobe.
Thus, pioglitazone-dosed T2DM patients exhibited cognitive
and functional improvements (Sato et al., 2009). Since both
T2DM and AD are disorders possessing an inﬂammatory com-
ponent, PPAR-c-receptor agonists such as TZD-derivatives
may prove beneﬁcial for the treatment of T2DM as well as
AD (Heneka et al., 2011).
Hence, various anti-inﬂammatory agents have been clini-
cally shown to prevent or delay the onset of T2DM and AD
and this clinical evidence in itself conﬁrms the pathogenic role
10 G. Mushtaq et al.of inﬂammation in the onset or progression of T2DM and AD.
The well-studied AD-diabetic transgenic mouse models may
provide further insights into developing novel therapeutic solu-
tions for the prevention or treatment of AD. However, there is
still a need for more speciﬁc inhibitors targeting the inﬂamma-
tory pathways in order to gain maximum beneﬁt in the preven-
tion or treatment of T2DM and AD at the same time. Such
drugs will provide us with new opportunities for using anti-
inﬂammatory strategies to correct the root cause underlying
the pathology of T2DM and AD.Conﬂict of interest
The authors conﬁrm that this article content has no conﬂict of
interest.References
Aisen, P.S., Schmeidler, J., Pasinetti, G.M., 2002. Randomized pilot
study of nimesulide treatment in Alzheimer’s disease. Neurology
58, 1050–1054.
Akayama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., Cole,
G.M., Cooper, N.R., Eikelenboom, P., Emmerling, M., Fiebich,
B.L., Finch, C.E., Frautschy, S., Grifﬁn, W.S., Hampel, H., Hull,
M., Landreth, G., Lue, L., Mrak, R., Mackenzie, I.R., McGeer,
P.L., O’Banion, M.K., Pachter, J., Pasinetti, G., Plata-Salaman, C.,
Rogers, J., Rydel, R., Shen, Y., Streit, W., Strohmeyer, R.,
Tooyoma, I., Van Muiswinkel, F.L., Veerhuis, R., Walker, D.,
Webster, S., Wegrzyniak, B., Wenk, G., Wyss-Coray, T., 2000.
Inﬂammation and Alzheimer’s disease. Neurobiol. Aging 21, 383–
421.
Aliev, G., Shahida, K., Gan, S.H., Firoz, C.K., Khan, A., Abuze-
nadah, A., Kamal, W., Kamal, M.A., Tan, Y., Qu, X., Reale, M.,
2014. Alzheimer’s disease and type 2 diabetes mellitus: the link to
tyrosine hydroxylase and probable nutritional strategies. CNS
Neurol. Disord. Drug Targets 13 (3), 467–477.
Al-Mallah, M., Khawaja, O., Sinno, M., Alzohaili, O., Samra, A.B.,
2010. Do angiotensin converting enzyme inhibitors or angiotensin
receptor blockers prevent diabetes mellitus? A meta-analysis.
Cardiol. J. 17 (5), 448–456.
Arvanitakis, Z., Wilson, R.S., Bienias, J.L., Evans, D.A., Bennett,
D.A., 2004. Diabetes mellitus and risk of Alzheimer disease and
decline in cognitive function. Arch. Neurol. 61 (5), 661–666.
Blennow, K., Wallin, A., Fredman, P., Karlsson, I., Gottfries, C.G.,
Svennerholm, L., 1990. Blood–brain barrier disturbance in patients
with Alzheimer’s diseases related to vascular factors. Acta Neurol.
Scand. 81 (4), 323–326.
Breteler, M.M., 2000. Vascular risk factors for Alzheimer’s disease:
an epidemiologic perspective. Neurobiol. Aging 21, 153–160.
Bruunsgaard, H., Pedersen, B.K., 2003. Age-related inﬂammatory
cytokines and disease. Immunol. Allergy Clin. North Am. 23, 15–39.
Bruunsgaard, H., Andersen-Ranberg, K., Jeune, B., Pedersen, A.N.,
Skinhoj, P., Pedersen, B.K., 1999. A high plasma concentration of
TNF-alpha is associated with dementia in centenarians. J. Geron-
tol. A Biol. Sci. Med. Sci. 54, M357–M364.
Buchanan, T.A., Xiang, A.H., Peters, R.K., Kjos, S.L., Marroquin,
A., Goico, J., Ochoa, C., Tan, S., Berkowitz, K., Hodis, H.N.,
Azen, S.P., 2002. Preservation of pancreatic beta-cell function and
prevention of type 2 diabetes by pharmacological treatment of
insulin resistance in high-risk Hispanic women. Diabetes 51, 2796–
2803.
Centers for Disease Control and Prevention [CDC], 2006. Diabetes
data and trends [online]. URL: <http://www.cdc.gov/diabetes/
statistics>.Chu, N.V., Kong, A.P., Kim, D.D., Armstrong, D., Baxi, S.,
Deutsch, R., Caulﬁeld, M., Mudaliar, S.R., Reitz, R., Henry, R.R.,
Reaven, P.D., 2002. Differential effects of metformin and troglit-
azone on cardiovascular risk factors in patients with type 2
diabetes. Diabetes Care 25, 542–549.
Combs, C.K., Johnson, D.E., Karlo, J.C., Cannady, S.B., Landreth,
G.E., 2000. Inﬂammatory mechanisms in Alzheimer’s disease:
inhibition of b-amyloid-stimulated proinﬂammatory responses and
neurotoxicity by PPARg agonists. J. Neurosci. 20 (2), 558–567.
Cone, J.B., 2001. Inﬂammation. Am. J. Surg. 182, 558–562.
Dai, Y., Kamal, M.A., 2014. Fighting Alzheimer’s disease and type 2
diabetes: pathological links and treatment strategies. CNS Neurol.
Disord. Drug Targets 13 (2), 271–282.
de Oliveira, F.F., Bertolucci, P.H., Chen, E.S., Smith, M.C., 2014.
Brain-penetrating angiotensin-converting enzyme inhibitors and
cognitive change in patients with dementia due to Alzheimer’s
disease. J. Alzheimers Dis. <http://www.ncbi.nlm.nih.gov/pub-
med/24577465>.
Deane, R., Du Yan, S., Submamaryan, R.K., LaRue, B., Jovanovic,
S., Hogg, E., Welch, D., Manness, L., Lin, C., Yu, J., Zhu, H.,
Ghiso, J., Frangione, B., Stern, A., Schmidt, A.M., Armstrong,
D.L., Arnold, B., Liliensiek, B., Nawroth, P., Hofman, F., Kindy,
M., Stern, D., Zlokovic, B., 2003. RAGE mediates amyloid-beta
peptide transport across the blood-brain barrier and accumulation
in brain. Nat. Med. 9, 907–913.
Di Gregorio, G.B., Yao-Borengasser, A., Rasouli, N., Varma, V., Lu,
T., Miles, L.M., Ranganathan, G., Peterson, C.A., McGehee, R.E.,
Kern, P.A., 2005. Expression of CD68 and macrophage chemoat-
tractant protein-1 genes in human adipose and muscle tissues:
association with cytokine expression, insulin resistance, and
reduction by pioglitazone. Diabetes 54, 2305–2313.
Di Napoli, M., Papa, F., 2003. Angiotensin-converting enzyme
inhibitor use is associated with reduced plasma concentration of C-
reactive protein in patients with ﬁrst-ever ischemic stroke. Stroke
34, 2922–2929.
Diwan, A., Khan, S.A., Patel, R., Krishna, K., Firoz, C.K., Kamal,
M.A., 2012. Spectrum from obesity to neurodegenerative disorder.
Am. J. Neuroprotection Neuroregeneration 4 (1), 31–39.
Erol, A., 2008. An integrated and unifying hypothesis for the
metabolic basis of sporadic Alzheimer’s disease. J. Alzheimers Dis.
13, 241–253.
Evans, J.L., Goldﬁne, I.D., Maddux, B.A., Grodsky, G.M., 2002.
Oxidative stress and stress-activated signaling pathways: a
unifying hypothesis of type 2 diabetes. Endocrinol. Rev. 23 (5),
599–622.
Feinstein, R., Kanety, H., Papa, M.Z., Lunenfeld, B., Karasik, A.,
1993. Tumor necrosis factor-alpha suppresses insulin induced
tyrosine phosphorylation of insulin receptor and its substrates. J.
Biol. Chem. 268, 26055–26058.
Ferre, P., 2004. The biology of peroxisome proliferator-activated
receptors: relationship with lipid metabolism and insulin sensitivity.
Diabetes 53 (Suppl. 1), S43–S50.
Fillit, H., Ding, W.H., Buee, L., Kalman, J., Altstiel, L., Lawlor, B.,
Wolf-Klein, G., 1991. Elevated circulating tumor necrosis factor
levels in Alzheimer’s disease. Neurosci. Lett. 129, 318–320.
Fleischman, A., Shoelson, S.E., Bernier, R., Goldﬁne, A.B., 2008.
Salsalate improves glycemia and inﬂammatory parameters in obese
young adults. Diabetes Care 31 (2), 289–294.
Freeman, D.J., Norrie, J., Caslake, M.J., Gaw, A., Ford, I., Lowe,
G.D., O’Reilly, D.S., Packard, C.J., Sattar, N., 2002. C-reactive
protein is an independent predictor of risk for the development of
diabetes in the West of Scotland Coronary Prevention Study.
Diabetes 51 (5), 1596–1600.
Furukawa, S., Fujita, T., Shimabukuro, M., Iwaki, M., Yamada, Y.,
Nakajima, Y., Nakayama, O., Makishima, M., Matsuda, M.,
Shimomura, I., 2004. Increased oxidative stress in obesity and its
impact on metabolic syndrome. J. Clin. Invest. 114, 1752–1761.
Alzheimer’s disease and type 2 diabetes 11Gasparini, L., Netzer, W.J., Greengard, P., Xu, H., 2002. Does
insulin dysfunction play a role in Alzheimer’s disease? Trends
Pharmacol. Sci. 23, 288–293.
Gengler, S., McClean, P., McCurtin, R., Gault, V., Holscher, C.,
2012. Val(8)GLP-1 rescues synaptic plasticity and reduces dense
core plaques in APP/PS1 mice. Neurobiol. Aging 33 (2), 265–276.
Glenner, G.G., Eanes, E.D., Wiley, C.A., 1988. Amyloid ﬁbrils
formed from a segment of the pancreatic islet amyloid protein.
Biochem. Biophys. Res. Commun. 155, 608–614.
Granic, I., Dolga, A.M., Nijholt, I.M., van Dijk, G., Eisel, U.L.,
2009. Inﬂammation and NF-kappaB in Alzheimer’s disease and
diabetes. J. Alzheimers Dis. 16 (4), 809–821.
Grifﬁn, W.S., Sheng, J.G., Royston, M.C., Gentleman, S.M.,
McKenzie, J.E., Graham, D.I., Roberts, G.W., Mrak, R.E.,
1998. Glial neuronal interactions in Alzheimer’s disease: the
potential role of a ‘cytokine cycle’ in disease progression. Brain
Pathol. 8, 65–72.
Gupta, R., Gupta, L.K., 2012. Improvement in long term and visuo-
spatial memory following chronic pioglitazone in mouse model of
Alzheimer’s disease. Pharmacol. Biochem. Behav. 102 (2), 184–190.
Gurnell, M., 2003. PPARgamma and metabolism: insights from the
study of human genetic variants. Clin. Endocrinol. (Oxf.) 59 (3),
267–277.
Heneka, M.T., Klockgether, T., Feinstein, D.L., 2000. Peroxisome
proliferator-activated receptor-gamma ligands reduce neuronal
inducible nitric oxide synthase expression and cell death in vivo.
J. Neurosci. 20 (18), 6862–6867.
Heneka, M.T., Reyes-Irisarri, E., Hu¨ll, M., Kummer, M.P., 2011.
Impact and therapeutic potential of PPARs in Alzheimer’s disease.
Curr. Neuropharmacol. 9 (4), 643–650.
Ho, L., Qin, W., Pompl, P.N., Xiang, Z., Wang, J., Zhao, Z., Peng,
Y., Cambareri, G., Rocher, A., Mobbs, C.V., Hof, P.R., Pasinetti,
G.M., 2004. Diet-induced insulin resistance promotes amyloidosis
in a transgenic mouse model of Alzheimer’s disease. FASEB J. 18,
902–904.
Hotamisligil, G.S., Shargill, N.S., Spiegelman, B.M., 1993. Adipose
expression of tumor necrosis factor-alpha: direct role in obesity-
linked insulin resistance. Science 259, 87–91.
Hunter, K., Holscher, C., 2012. Drugs developed to treat diabetes,
liraglutide and lixisenatide, cross the blood brain barrier and
enhance neurogenesis. BMC Neurosci. 13 (1), 33–38.
Iadecola, C., 2004. Neurovascular regulation in the normal brain and
in Alzheimer’s disease. Nat. Rev. Neurosci. 5 (5), 347–360.
In’t Veld, B.A., Ruitenberg, A., Hofman, A., Launer, L.J., Van
Duijin, C.M., Stijnen, T., Breteler, M.M., Stricker, B.H., 2001.
Nonsteroidal anti-inﬂammatory drugs and the risk of Alzheimer’s
disease. N. Engl. J. Med. 345, 1515–1521.
Inﬂammation: a unifying theory of disease? Research is showing that
chronic inﬂammation may be the common factor in many diseases,
2006. Harvard Health Letter, 31(6), pp. 4–5.
Iwai, T., Ito, S., Tanimitsu, K., Udagawa, S., Oka, J., 2006.
Glucagon-like peptide-1 inhibits LPS-induced IL-1beta production
in cultured rat astrocytes. Neurosci. Res. 55, 352–360.
Jabir, N.R., Kamal, M.A., Abuzenadah, A.M., Gan, S.H., Alama,
M.N., Baeesa, S.S., Tabrez, S., 2014. Alzheimer’s and Type 2
diabetes management via common enzyme targeting. CNS Neurol.
Disord. Drug Targets 13 (2), 299–304.
Johnson, K.H., O’Brien, T.D., Hayden, D.W., Jordan, K., Ghobrial,
H.K., Mahoney, W.C., Westermark, P., 1988. Immunolocalization
of islet amyloid polypeptide (IAPP) in pancreatic beta cells by
means of peroxidase-antiperoxidase (PAP) and protein A-gold
techniques. Am. J. Pathol. 130, 1–8.
Kaltschmidt, B., Uherek, M., Volk, B., Baeuerle, P.A., Kaltschmidt,
C., 1997. Transcription factor NF-kappaB is activated in primary
neurons by amyloid beta peptides and in neurons surrounding early
plaques from patients with Alzheimer disease. Proc. Natl. Acad.
Sci. USA 94, 2642–2647.Kamal, M.A., Tan, Y., Seale, J.P., Qu, X., 2009. Targeting BuChE-
inﬂammatory pathway by SK0506 to manage type 2 diabetes and
Alzheimer disease. Neurochem. Res. 34 (12), 2163–2169.
Kamal, M.A., Bellante, V., Greig, N.H., 2011. Butyrylcholinesterase
inhibitors modulate cytokines production in peripheral blood
mononuclear cells. Alzheimers Dementia: J. Alzheimers Assoc.
7(Suppl. 4), 671–672.
Kamal, M.A., Greig, N.H., Priyamvada, S., Arivarasu, N.A., Jabir,
N.R., Tabrez, S., 2014. Linking Alzheimer’s disease and type 2
diabetes mellitus via aberrant insulin signaling and inﬂammation.
CNS Neurol. Disord. Drug Targets 13 (2), 338–346.
Kastin, A.J., Akerstrom, V., Pan, W., 2002. Interactions of glucagon-
like peptide-1 (GLP-1) with the blood-brain barrier. J. Mol.
Neurosci. 18, 7–14.
Kiecolt-Glaser, J.K., Preacher, K.J., MacCallum, R.C., Atkinson, C.,
Malarkey, W.B., Glaser, R., 2003. Chronic stress and age-related
increases in the proinﬂammatory cytokine IL-6. PNAS 100, 9090–
9095.
Kitamura, Y., Kakimura, J., Matsuoka, Y., Nomura, Y., Gebicke-
Haerter, P.J., Taniguchi, T., 1999. Activators of peroxisome
proliferator-activated receptor-gamma (PPARgamma) inhibit
inducible nitric oxide synthase expression but increase heme
oxygenase-1 expression in rat glial cells. Neurosci. Lett. 262 (2),
129–132.
Kohjima, M., Sun, Y., Chan, L., 2010. Increased food intake leads to
obesity and insulin resistance in the Tg2576 Alzheimer’s disease
mouse model. Endocrinology 151 (4), 1532–1540.
Landreth, G., Jiang, Q., Mandrekar, S., Heneka, M., 2008. PPAR
gamma agonists as therapeutics for the treatment of Alzheimer’s
disease. Neurotherapeutics 5, 481–489.
Lehrer, S., 2014. Nasal NSAIDs for Alzheimer’s disease. Am. J.
Alzheimers Dis. Other Demen. <http://www.ncbi.nlm.nih.gov/
pubmed/?term=24413537>.
Leibson, C.L., Rocca, W.A., Hanson, V.A., Cha, R., Kokmen, E.,
O’Brien, P.C., Palumbo, P.J., 1997. Risk of dementia among
persons with diabetes mellitus: a population-based cohort study.
Am. J. Epidemiol. 145, 301–308.
Li, Z.-G., Zhang, W., Sima, A.A., 2007. Alzheimer-like changes in rat
models of spontaneous diabetes. Diabetes 56 (7), 1817–1824.
Lin, Y., Berg, A.H., Iyengar, P., Lam, T.K., Giacca, A., Combs, T.P.,
Rajala, M.W., Du, X., Rollman, B., Li, W., Hawkins, M., Barzilai,
N., Rhodes, C.J., Fantus, I.G., Brownlee, M., Scherer, P.E., 2005.
The hyperglycemia-induced inﬂammatory response in adipocytes:
the role of reactive oxygen species. J. Biol. Chem. 280, 4617–4626.
Liu, L.P., Hong, H., Liao, J.M., Wang, T.S., Wu, J., Chen, S.S., Li,
Y.Q., Long, Y., Xia, Y.Z., 2009. Upregulation of RAGE at the
blood-brain barrier in streptozotocin induced diabetic mice. Syn-
apse 63, 636–642.
Liu, F., Wang, Y., Yan, M., Zhang, L., Pang, T., Liao, H., 2013.
Glimepiride attenuates Ab production via suppressing BACE1
activity in cortical neurons. Neurosci. Lett. 557 (Pt. B), 90–94.
Lovshin, J.A., Drucker, D.J., 2009. Incretin-based therapies for type
2 diabetes mellitus. Nat. Rev. Endocrinol. 5, 262–269.
McClean, P.L., Parthsarathy, V., Faivre, E., Ho¨lscher, C., 2011. The
diabetes drug liraglutide prevents degenerative processes in a mouse
model of Alzheimer’s disease. J. Neurosci. 31 (17), 6587–6594.
McGeer, P.L., McGeer, E.G., 1995. The inﬂammatory response
system of brain: implications for therapy of Alzheimer and other
neurodegenerative diseases. Brain Res. Brain Res. Rev. 21, 195–
218.
Mohanty, P., Aljada, A., Ghanim, H., Hofmeyer, D., Tripathy, D.,
Syed, T., Al-Haddad, W., Dhindsa, S., Dandona, P., 2004.
Evidence for a potent antiinﬂammatory effect of rosiglitazone. J.
Clin. Endocrinol. Metab. 89 (6), 2728–2735.
Moreno, S., Farioli-Vecchioli, S., Ceru, M.P., 2004. Immunolocali-
zation of peroxisome proliferator-activated receptors and retinoid
X receptors in the adult rat CNS. Neuroscience 123 (1), 131–145.
12 G. Mushtaq et al.O’Neill, L.A., Kaltschmidt, C., 1997. NF-kappa B: a crucial
transcription factor for glial and neuronal cell function. Trends
Neurosci. 20, 252–258.
Ott, A., Stolk, R.P., van, H.F., Pols, H.A., Hofman, A., Breteler,
M.M., 1999. Diabetes mellitus and the risk of dementia: the
Rotterdam Study. Neurology 53, 1937–1942.
Peila, R., Rodriguez, B.L., Launer, L.J., 2002. Type 2 diabetes,
APOE gene, and the risk for dementia and related pathologies: the
Honolulu-Asia Aging Study. Diabetes 51 (4), 1256–1262.
Peraldi, P., Spiegelman, B.M., 1997. Studies of the mechanism of
inhibition of insulin signaling by tumor necrosis factor-alpha. J.
Endocrinol. 155, 219–220.
Perry, T., Lahiri, D.K., Sambamurti, K., Chen, D., Mattson, M.P.,
Egan, J.M., Greig, N.H., 2003. Glucagon-like peptide-1 decreases
endogenous amyloid-beta peptide (Abeta) levels and protects
hippocampal neurons from death induced by Abeta and iron. J.
Neurosci. Res. 72, 603–612.
Perry, T., Holloway, H.W., Weerasuriya, A., Mouton, P.R., Duffy,
K., Mattison, J.A., Greig, N.H., 2007. Evidence of GLP-1-
mediated neuroprotection in an animal model of pyridoxine-
induced peripheral sensory neuropathy. Exp. Neurol. 203,
293–301.
Pradhan, A.D., Manson, J.E., Rifai, N., Buring, J.E., Ridker, P.M.,
2001. C-reactive protein, interleukin 6, and risk of developing type
2 diabetes mellitus. JAMA 286, 327–334.
Priyadarshini, M., Kamal, M.A., Greig, N.H., Reale, M., Abuzena-
dah, A.M., Chaudhary, A.G., Damanhouri, G.A., 2012. Alzhei-
mer’s disease and type 2 diabetes: exploring the association to
obesity and tyrosine hydroxylase. CNS Neurol. Disord. Drug
Targets 11 (4), 482–489.
Qiu, C.X., Winblad, B., Fratiglioni, L., 2005. Risk factors for
dementia and Alzheimer’s disease – ﬁndings from a community-
based cohort study in Stockholm, Sweden. Zhonghua Liu Xing
Bing Xue Za Zhi 26, 882–887.
Rasool, M., Malik, A., Qazi, A., Sheikh, I.A., Manan, A., Shaheen,
S., Qazi, M.H., Chaudhary, A.G., Abuzenadah, A.M., Asif, M.,
Alqahtani, M.H., Iqbal, Z., Shaik, M.M., Gan, S.H., Kamal, M.A.,
2014. Current view from Alzheimer disease to type 2 diabetes
mellitus. CNS Neurol. Disord. Drug Targets 13 (3), 533–542.
Reale, M., Kamal, M.A., Velluto, L., Gambi, D., Di Nicola, M.,
Greig, N.H., 2011. Relationship between inﬂammatory mediators,
Ab levels and APOE genotype in Alzheimer disease. Curr.
Alzheimer Res 9 (4), 447–457.
Reale, M.A., Di Nicola, M., Velluto, L., D’Angelo, C., Costantini,
E., Lahiri, D., Kamal, M.A., Yu, Q.S., Grei, N.H., 2013. Selective
acetyl- and butyrylcholinesterase inhibitors reduce amyloid-b
ex vivo activation of peripheral chemo-cytokines from Alzheimer’s
disease subjects: exploring the cholinergic anti-inﬂammatory path-
way. Curr. Alzheimer Res. 11 <http://www.ncbi.nlm.nih.gov/
pubmed/24359497>.
Risner, M.E., Saunders, A.M., Altman, J.F., Ormandy, G.C., Craft,
S., Foley, I.M., Zvartau-Hind, M.E., Hosford, D.A., Roses, A.D.,
2006. Efﬁcacy of rosiglitazone in a genetically deﬁned population
with mild-to-moderate Alzheimer’s disease. Pharmacogenomics J.
6, 246–254.
Rosenberg, P.B., 2005. Clinical aspects of inﬂammation in Alzhei-
mer’s disease. Int. Rev. Psychiatry 17, 503–514.
Sato, T., Hanyu, H., Hirao, K., Kanetaka, H., Sakurai, H., Iwamoto,
T., 2009. Efﬁcacy of PPAR-gamma agonist pioglitazone in mild
Alzheimer disease. Neurobiol. Aging 32 (9), 1626–1633.
Schmidt, M.I., Duncan, B.B., Sharrett, A.R., Lindberg, G., Savage,
P.J., Offenbacher, S., Azambuja, M.I., Tracy, R.P., Heiss, G., 1999.
Markers of inﬂammation and prediction of diabetes mellitus in
adults (Atherosclerosis Risk in Communities study): a cohort
study. Lancet 353, 1649–1652.
Selkoe, D.J., 2001. Clearing the brain’s amyloid cobwebs. Neuron 32,
177–180.Seufert, J., Kieffer, T.J., Habener, J.F., 1999. Leptin inhibits insulin
gene transcription and reverses hyperinsulinemia in leptin-deﬁcient
ob/ob mice. PNAS 96(2), 674–679.
Sheng, J.G., Bora, S.H., Xu, G., Borchelt, D.R., Price, D.L.,
Koliatsos, V.E., 2003. Lipopolysaccharide-induced-neuroinﬂam-
mation increases intracellular accumulation of amyloid precursor
protein and amyloid beta peptide in APPswe transgenic mice.
Neurobiol. Dis. 14, 133–145.
Soto, M.E., van Kan, G.A., Nourhashemi, F., Gillette-Guyonnet, S.,
Cesari, M., Cantet, C., Rolland, Y., Vellas, B., 2013. Angiotensin-
converting enzyme inhibitors and Alzheimer’s disease progression
in older adults: results from the Re´seau sur la Maladie d’Alzheimer
Franc¸ais cohort. J. Am. Geriatr. Soc. 61 (9), 1482–1488.
Steen, E., Terry, B.M., Rivera, E.J., Cannon, J.L., Neely, T.R.,
Tavares, R., Xu, X.J., Wands, J.R., de la Monte, S.M., 2005.
Impaired insulin and insulin-like growth factor expression and
signaling mechanisms in Alzheimer’s disease-is this type 3 diabetes?
J. Alzheimers Dis. 7 (1), 63–80.
Strum, J.C., Shehee, R., Virley, D., Richardson, J., Mattie, M.,
Selley, P., Ghosh, S., Nock, C., Saunders, A., Roses, A., 2007.
Rosiglitazone induces mitochondrial biogenesis in mouse brain. J.
Alzheimers Dis. 11, 45–51.
Sturchler-Pierrat, C., Abramowski, D., Duke, M., Wiederhold, K.H.,
Mistl, C., Rothacher, S., Ledermann, B., Bu¨rki, K., Frey, P.,
Paganetti, P.A., Waridel, C., Calhoun, M.E., Jucker, M., Probst,
A., Staufenbiel, M., Sommer, B., 1997. Two amyloid precursor
protein transgenic mouse models with Alzheimer disease-like
pathology. Proc. Natl. Acad. Sci. USA 94, 13287–13292.
Takeda, S., Sato, N., Uchio-Yamada, K., Sawada, K., Kunieda, T.,
Takeuchi, D., Kurinami, H., Shinohara, M., Rakugi, H., Morish-
ita, R., 2010. Diabetes accelerated memory dysfunction via
cerebrovascular inﬂammation and Ab deposition in Alzheimer
mouse model with diabetes. Proc. Natl. Acad. Sci. USA 107, 7036–
7041.
Takeda, S., Sato, N., Rakugi, H., Morishita, R., 2011. Molecular
mechanisms linking diabetes mellitus and Alzheimer disease:
beta-amyloid peptide, insulin signaling, and neuronal function.
Mol. Biosyst. 7 (6), 1822–1827.
Terai, K., Matsuo, A., McGeer, P.L., 1996. Enhancement of
immunoreactivity for NF-kappa B in the hippocampal formation
and cerebral cortex of Alzheimer’s disease. Brain Res. 735, 159–
168.
Townsend, M., Mehta, T., Selkoe, D.J., 2007. Soluble Abeta inhibits
speciﬁc signal transduction cascades common to the insulin
receptor pathway. J. Biol. Chem. 282, 33305–33312.
Tschantz, J.T., Corcoran, C., Skoog, I., Khachaturian, A.S., Herrick,
J., Hayden, K.M., Welsh-Bohmer, K.A., Calvert, T., Norton,
M.C., Zandi, P., Breitner, J.C., 2004. Dementia: the leading
predictor of death in a deﬁned elderly population: the Cache
County study. Neurology 62, 1156–1162.
Vozarova, B., Weyer, C., Lindsay, R.S., Pratley, R.E., Bogardus, C.,
Tataranni, P.A., 2002. High white blood cell count is associated
with a worsening of insulin sensitivity and predicts the development
of type 2 diabetes. Diabetes 51, 455–461.
Watson, G.S., Peskind, E.R., Asthana, S., Purganan, K., Wait, C.,
Chapman, D., Schwartz, M.W., Plymate, S., Craft, S., 2003. Insulin
increases CSF Abeta42 levels in normal older adults. Neurology 60
(12), 1899–1903.
Watson, G.S., Cholerton, B.A., Reger, M.A., Baker, L.D., Plymate,
S.R., Asthana, S., Fishel, M.A., Kulstad, J.J., Green, P.S., Cook,
D.G., Kahn, S.E., Keeling, M.L., Craft, S., 2005. Preserved
cognition in patients with early Alzheimer disease and amnestic
mild cognitive impairment during treatment with rosiglitazone: a
preliminary study. Am. J. Geriatr. Psychiatry 13 (11), 950–958.
Willson, T.M., Lambert, M.H., Kliewer, S.A., 2001. Peroxisome
proliferator-activated receptor gamma and metabolic disease.
Annu. Rev. Biochem. 70, 341–367.
Alzheimer’s disease and type 2 diabetes 13Wu, J.D., Xu, X.H., Zhu, J., Ding, B., Du, T.X., Gao, G., Mao,
X.M., Ye, L., Lee, K.O., Ma, J.H., 2011. Effect of exenatide on
inﬂammatory and oxidative stress markers in patients with type 2
diabetes mellitus. Diabetes Technol. Therapy 13, 143–148.
Wyss-Coray, T., 2006. Inﬂammation in Alzheimer disease: driving
force, bystander or beneﬁcial response? Nat. Med. 12, 1005–1015.
Xie, L., Helmerhorst, E., Taddei, K., Plewright, B., Van Bronswijk,
W., Martins, R., 2002. Alzheimer’s b-amyloid peptides compete for
insulin binding to the insulin receptor. J. Neurosci. 22, RC221.
Yamamoto, M., Kiyota, T., Walsh, S.M., Liu, J., Kipnis, J., Ikezu,
T., 2008. Cytokine-mediated inhibition of ﬁbrillar amyloid beta
peptide degradation by human mononuclear phagocytes. J. Immu-
nol. 181, 3877–3886.Yasar, S., Xia, J., Yao, W., Furberg, C.D., Xue, Q.L., Mercado, C.I.,
Fitzpatrick, A.L., Fried, L.P., Kawas, C.H., Sink, K.M., William-
son, J.D., DeKosky, S.T., Carlson, M.C., 2013. Antihypertensive
drugs decrease risk of Alzheimer disease: ginkgo evaluation of
memory study. Neurology 81 (10), 896–903.
Yasojima, K., Schwab, C., McGeer, E.G., McGeer, P.L., 2000.
Human neurons generate C-reactive protein and amyloid P:
upregulation in Alzheimer’s disease. Brain Res. 887, 80–89.
Zandi, P.P., Anthony, J.C., Hayden, K.M., Mehta, K., Mayer, L.,
Brietner, J.C., 2002. Reduced incidence of AD with NSAID but not
H2 receptor antagonists: the Cache County study. Neurology 59,
880–886.
